INTRODUCTION
Skirted foundations have become a common oŠshore engineering foundation type (e.g., Tjelta and Haaland, 1993 ; Andenaes et al., 1996) particularly in soft soils. Skirted foundations consist of a raft-type foundation of breadth, B on the soil surface with thin vertical plates or skirts connected to the raft perimeter penetrating the soil to a depth, D (e.g., Fig. 1(c) ). It is believed that the vertical skirts improve the foundation capacity bỳ trapping' the soil beneath the raft and between the skirts so that applied load is transferred to the soil at the level of the skirt tips (e.g., Tani and Craig, 1995) .
For deep water sites, it is quite common to encounter thick, normally consolidated, low permeability sediments. These will have negligible shear strength at the soil surface and an increasing undrained shear strength of about 1 kPa per metre below the soil surface with the gradient depending on the frictional properties of the soil and its self-weight. Consequently, skirted foundations which transfer loads beneath the soft soil surface often are an attractive foundation solution.
Although oŠshore foundations are subject to vertical loading due to the self-weight of the installation (e.g., jacket structure, gravity base, wind turbine) the vertical applied load (V) is often small compared to the vertical capacity (Vo). Instead, it is most often the combined vertical, horizontal and moment load capacity that is critical due to environmental (wind, wave, current) and man-made (snag, impact) loadings. A common design approach (e.g., Zaharescu, 1961; Ticof, 1977 ) deˆnes a failure envelope in V-H-M load space which is used to size oŠshore foundations under monotonic loading conditions. Combined (V-H-M) loading envelopes are often scaled by the vertical bearing capacity, Vo (e.g., Ticof, 1977 ; Butterˆeld and Ticof, 1979; Gottardi, 1992; Gottardi et al., 1999) or combinations of the pure vertical (Vo), pure horizontal (Ho) and moment (Mo) capacity (e.g., MurŠ, 1994; Bransby and Randolph, 1998; Gourvenec and Randolph, 2003) . Therefore knowledge of the vertical capacity, Vo is imperative for design even for these more complex loading conditions.
Although the undrained vertical bearing capacity of shallow foundations is a long researched topic (e.g., Prandtl, 1921; Hill, 1950; Skempton, 1951) , for the case of skirted foundations in normally consolidated deposits the capacity is di‹cult to calculate accurately. This is because of the combination of (i) the non-uniformity of the soil strength beneath and around the foundations (e.g., Davis and Booker, 1973; Gourvenec and Randolph, 2003) , (ii) the embedded nature of the foundation (e.g., Skempton, 1951) , and (iii) the skirted geometry of the foundations (e.g., Tani and Craig, 1995; Hu and Randolph, 2002) . This combination of di‹culties is investigated in this paper predominantly using numerical analysis.
In this paper,ˆnite element and upper bound plasticity analyses have been used to examine the undrained vertical bearing capacity of skirted strip foundations with a range of embedment ratios from D W B＝0.2 to 1.2. First, embedded and skirted foundations in uniform strength soil with geometries shown in Fig. 1 have been examined before the case of a surface foundation on non-uniform strength soil. Next, the case of skirted foundations in normally consolidated soil has been studied using FE and plasticity analysis. Finally, a design method deduced from the above approach has been validated using the results of a series of centrifuge model tests, and this also allows discussion of displacement conditions at failure. The conditions of a strip (i.e., inˆnitely long) footing is examined in this paper. Although, this condition may not be typical of circular caissons investigated by previous researchers (e.g., Watson et al., 2000; Martin and Randolph, 2001; Byrne and Cassidy, 2002) it allows more detailed investigation of mechanisms occurring, whilst still retaining the key behavioural aspects of the boundary value problem (e.g., Bransby and Randolph, 1999a; Gourvenec and Randolph, 2003) . In addition, some skirted foundations such as gravity bases and manifold bases are rectangular and so the plane strain case may be directly applicable to their design.
FINITE ELEMENT ANALYSIS

Geometry and Material Properties
Theˆnite element study examined the vertical capacity of four diŠerent types of strip foundation in uniform and normally consolidated undrained material. The four types were surface rafts ( Fig. 1(a) ), embedded foundations ( Fig. 1(b) ), skirted foundations ( Fig. 1(c) ) and a skirted foundation with an additional skirt in the centre ( Fig. 1(d) ). Foundations were studied with a range of diŠerent embedment ratios (D W B＝0.2, 0.3, 0.5, 0.75, 1.0 and 1.2) to examine the eŠects of varying skirt length. For all analyses, the breadth, B＝10 m, but results are presented normalised so the results are independent of the footing breadth chosen.
For all analyses, the ABAQUS 6.2ˆnite element package was used (HKS, 2001) running on a Unix mainframe. Because only the undrained ultimate limit state condition was being studied, the soil was modelled as a linear elastic-perfectly plastic material with an associated Tresca undrained shear strength (su) criterion. In the elastic regime, the soil had a Young's modulus (Eu) deˆned to give a rigidity index, E u W s u ＝400 and a Poisson's ratio, nu＝0.49 (i.e., approaching undrained, constant volume conditions). Additional analyses varying rigidity index conˆrmed that this did not aŠect the foundation capacity for the range of problems studied.
The shear strength, s u varied linearly with depth as shown in Fig. 2 and is given as:
where, so is the shear strength at the soil surface and k is the strength gradient with depth, z. The undrained shear strength at the level of the base of the foundation W skirt tips is deˆned as suo (e.g., Tani and Craig, 1995) .
Finite Element Mesh Figure 3 shows theˆnite element mesh for the skirted foundation with D W B＝0.5 as a typical example. The modelled soil zone is 3B deep and 10B wide and the boundary conditions allowed no vertical or lateral soil movement at the soil base and no horizontal movement at the vertical boundaries. The positions of these boundaries were considered suitably remote not to aŠect the bearing capacity of the foundations. The interaction between soil and footing was assumed to be rough with no detachment allowed. The foundation was modeled as a perfectly rigid body. Therefore, it is assumed that there is no deformation within the foundation.
The element types used were 8-noded plane strain biquadrilaterals with reduced integration (CPE-8R). For foundations with diŠerent D W B, the model height and the foundation embedment depth were modiˆed appropriately. The mesh for the skirted foundation with an internal skirt ( Fig. 1(d) ) required more elements.
Loading Conditions
Bearing capacity was determined by using displacement control to move the foundation vertically downwards. This has been found to give more accurate results for failure conditions than using load control (e.g., Bransby and Randolph, 1997). The foundation translation was performed in small displacement steps to ensure calculation accuracy. The vertical load applied to diŠerent areas of the foundation (e.g., end-bearing, external skirt shear, internal skirt shear) was calculated by examining stresses in integration points in the`soil' immediately adjacent to the foundation and numerically integrating the results. Results using this method were compared to applied loads during separate load controlled events and to nodal reaction forces.
UPPER BOUND PLASTICITY ANALYSIS
Upper bound plasticity calculations were carried out in order to provide estimates of the failure load of rigid embedded and surface foundations for a range of foundation embedment ratios and diŠerent soil strength proˆles. The general postulated collapse mechanism is shown in Fig. 4 . It has three kinematic variables (a, b, e) and is of a similar form to that used by Kusakabe et al. (1986) for circular surface foundations when e＝459 . Typical sub-mechanisms resulting from the generic mechanism (of which both the Prandtl and Hill mechanisms are members) are shown later in the results section.
Given the nature of the upper bound approach, the calculated failure load will be greater or equal to the exact solution for each foundation and soil condition (e.g., Chen, 1975) . Therefore, for each condition, the kinematics of the mechanism was varied toˆnd the mechanism giving the minimum value of vertical load at failure. This was done by setting up the work dissipation equations for the failure mechanism in a Microsoft Excel spreadsheet and then using the Solver to minimize the load by varying the kinematic variables.
When calculating the energy dissipation mechanisms, care was taken to allow for the variation of undrained shear strength with depth and an allowance for the interface shear stress, t＝asu. For the particular case when e＝p W 2, the resulting vertical shear plane along the foundation sides was given the interface shear stress, as u and the static triangular blocks at the edge of the foundation disappeared.
RESULTS: EMBEDDED FOUNDATION IN UNIFORM SOIL
The capacity of a range of foundations with diŠerent embedment ratios, D W B from 0 to 1.2 in uniform strength undrained soil were investigated byˆnite element analysis and upper bound plasticity analysis. When D W BÀ0, three footing geometries were analysed: (i) a rigid embedded footing ( Fig. 1(b) ); (ii) a skirted foundation ( Fig. 1(c) ); and (iii) a skirted foundation with a central skirt ( Fig. 1(d) ). Unless otherwise stated, all the foundationsoil interfaces are fully rough. Figure 5 shows the normalised load-displacement results from theˆnite element analyses of the skirted and embedded foundations in uniform soil. As the foundation is displaced vertically a distance, v into the soil, the normalised load V W Bs u , increases until a plateau at a peak load Vo W Bsu at failure. Both normalised peak load and the distance required to mobilise it increase with increasing embedment depth as expected. Interestingly, both the bearing capacity and the mobilisation distances for the embedded and skirted foundations are almost identical.
The peak load calculated for each condition is shown in Fig. 6 where the results are shown normalised by the undrained shear strength, su and the footing breadth, B. Again, there is very close agreement between the total bearing capacity of the embedded, skirted and internal skirted foundations for a wide range of embedment ratios. This is examined further in Fig. 7 which shows the calculated deformation mechanisms at failure for the diŠerent foundation geometries investigated for a typical intermediate embedment ratio D W B＝0.5. There appears to be little diŠerence in deformation mechanism (the soil within the skirts is displacing as a rigid body) which explains why there is no diŠerence in failure load. It appears that the vertical capacity of skirted foundations in uniform soil can be calculated assuming that they are equivalent embedded rigid foundation. The total capacity, Vo of a skirted foundation may be considered to be made up of two components analogous to the axial capacity of a pile: (i) the`end bearing', Vb and (ii) the external skin friction, Vs:
This approach was also used by Byrne and Cassidy (2002) and House and Randolph (2001) . It is standard practice to assume that the terms are independent.
For skirted foundations with`trapped' soil within the skirts, the skin-friction term in uniform strength soil for a strip footing will depend on the soil strength, su, the interface roughness term, a and the embedment ratio, D W B:
which normalizes to
The skin friction term is thus very dependent on the interface roughness term, a, which is di‹cult to calculate (e.g., Anderson and Jostad, 2004 ). It will become an increasing proportion of the total foundation capacity as the embedment ratio increases and hence is a key research topic for suction caisson foundations (e.g., Anderson and Jostad, 2004) .
The`end-bearing' term for skirted foundations refers to the load component derived from either, (i) the average vertical pressure applied to the skirt tips, the inside skin friction and the base of the raft, or (ii) the average vertical pressure applied to the soil between the skirts at skirt tip level. The value of terms (i) and (ii) are equal. It can be calculated for theˆnite element analyses (where a＝1) and the normalized end-bearing components are shown alongside the total foundation capacity in Fig. 6 . If the end bearing component can be considered to be that of an equivalent embedded foundation as suggested by the results above (and supported by Tani and Craig, 1995; Bransby and Randolph, 1999b) then the end resistance follows standard bearing capacity formulae for undrained soil (e.g., Terzhaghi, 1943):
where Nc is a bearing capacity factor, which is expected to depend only on the embedment ratio, D W B for relatively uniform soil deposits, and g is the soil unit weight. For a skirted foundation, the net bearing capacity of the foundation per unit length is reduced by the weight of soil between the skirts: W＝gH(D-2t). Given that the skirt thickness, t9D, then the soil self-weight W §gDB and it is convenient to consider this a reduction of the end bearing resistance contribution. Hence, the net end bearing capacity of the foundation, Vb＝(Ncsu＋gD)B-W and so
and the foundation capacity is independent of the unit weight of the soil. To model this condition in the FE analyses, the foundation below the soil surface was given a unit weight equal to that of the soil. Skempton (1951) gave solutions for the variation of Nc which was related to the shape of footing (B W L) and depth of the foundation (D W B). Whitlow (2001) provided a curve-ˆt to his recommendations which for the case of a strip footing simpliˆes to:
The total bearing capacity can alternatively be written in terms of variations from the exact solution for the bearing capacity of a surface footing on uniform strength soil (e.g., Prandtl, 1921; Hill, 1950) by using a range of mainly empirical factors to allow for changes in shape (sc), load inclination (ic) and embedment depth (dc) (e.g., Meyerhof, 1953; Hansen, 1970) . For the conditions investigated here of an embedded strip foundation (of neutral weight) resting on uniform strength undrained soil with vertical, central loading:
where the depth correction factor, dc is assumed to be a function of embedment ratio (D W B) only. Clearly, Eqs. (6) and (7) are equivalent when Nc＝ (2＋p) dc and the preference of use is dependent only on the format of design recommendations. Figure 8 plots the end bearing capacity results in terms of Nc and compares the results to those of Skempton (1951) . Figure 9 shows the same data in terms of depth correction factor, dc.
Previous researchers (e.g., Meyerhof, 1953; Hansen, 1970) suggested that the depth correction factor, d c , may be approximated as:
where n is in the range 0.2 to 0.4. Clearly, Fig. 9 shows that there is signiˆcant non-linearity of dc with respect to embedment depth, but the use of 0.2ÃnÃ0.4 (shown on Note that if a single mechanism prevailed over a range of embedment ratios, the end bearing capacity factor, Nc would vary linearly with D W B and so the adapting mechanisms cause the non-linearity with respect to D W B.
From the above results, it appears that the capacity of skirted foundation in uniform undrained clay should be calculated by adding the end bearing and skin friction term (Eq. (2)). The skin friction should be calculated with Eq. (3). The base resistance term is independent of soil unit weight (Eq. (5) or Eq. (7)) and the Skempton (1951) relationship will give adequate results for design.
EŠect of Skirt Interface Properties
The above approach is only truly valid if the end bearing and skin friction terms can be decoupled. This assumption was investigated brie‰y by performing additional upper bound analyses in which the skirt roughness condition a was varied (from a＝1 above to a＝0.5 and 0) and examining how this changed the end bearing foundation capacity. Figure 8 shows that the end bearing capacity factor, Nc for the analyses with smooth skirts (a＝0) is lower than the case with a＝1 for embedment ratio, D W BÀ0.3. When D W B＝1, the end-bearing factor, Nc is 10z lower for the fully smooth interface than for the fully rough condition. This is because the soil chooses a deformation mechanism (also shown in Fig. 8 ) which diŠers from that shown for the fully rough condition and utilises the frictionless shear zone on the side of the skirted foundation. Hence, the total bearing capacity (Vo) is reduced by more than just 2asuD (Eq. (3)) which would be the case if the mechanism were as for the rough case (and as assumed in the above design approach).
However, results from a set of upper bound analyses with a more typical interface roughness condition (a＝ 0.5) is also shown in Fig. 8 . End bearing capacity factors are aŠected signiˆcantly less with only a negligible 3z change in end bearing capacity when D W B＝1. This suggests that this eŠect may not be important for typical roughness conditions and so bearing capacity factors calculated with rough skirts will be applicable for a range of roughness conditions and it is appropriate to decouple V b and V s .
RESULTS: SURFACE FOUNDATION ON NON-UNIFORM SOIL
The case of a strip surface footing resting on soil with undrained shear strength varying with depth has been studied by many researchers using plasticity approaches (e.g., Davis and Booker, 1973; Houslby and Wroth, 1983; Martin, 2003a) and recently usingˆnite element analysis (e.g., Bransby, 2001; Gourvenec and Randolph, 2003) . The soil has shear strength, suo immediately beneath the footing and its strength increases with a gradient, k with depth, z (Fig. 2) . The non-uniformity of the soil strength is characterised by the dimensionless group kB W suo. The foundation capacity is expressed as
where Nc is a bearing capacity factor which is a function of kB W suo only.
Bearing capacity results fromˆnite element analyses and upper bound calculations are shown on Fig. 10 . Also shown are lower bound results from Davis and Booker (1973) , results using the lower bound Analysis of Bearing Capacity program written by Martin (2003b) andˆnite element results from Gourvenec and Randolph (2003) . The lower bound solutions are believed to be very close to the exact solutions. The relatively simple upper bound mechanism used (Fig. 4) is able to provide bearing capacity factors which are quite similar to the stress-ˆeld (lower bound) solutions (e.g., 9z larger when kB W suo＝5) and show a similar trend. Optimum deformation mechanisms as calculated in the upper bound analysis for three diŠerent soil non-uniformities are shown in Fig. 11 . There is a clear change in mechanism from that of the Prandtl mechanism for uniform soil conditions (with a relatively deep mechanism) to that of an Hill type mechanism for very non-uniform (kB W suoÀ3) soil conditions (with a relatively shallow mechanism).
There are two approaches for the calculation of bearing capacity in non-uniform soil: (i) use the undrained shear strength at someˆxed depth below the skirt tips (together with Nc＝2＋p), or (ii) modify Nc to account for the non-uniformity (using s uo ).
Davis and Booker (1973), Houlsby and Wroth (1983) and Martin (2003a) all gave recommendations for the variation in Nc which vary negligibly for practical design purposes. Bransby (2001) recommended a curveˆt to simplify design: (10) which is shown dotted on Fig. 10 and gives good (but slightly unconservative) agreement with results. Martin (1994) suggested that it was common design practice in the oŠshore industry for embedded spudcan foundations that the bearing capacity should be calculated using Skempton's (1951) formula to allow for the eŠect of embedment together with the average shear strength in one radius below the footing to allow for shear strength variation with depth. Byrne and Cassidy (2002) suggested that this approach was also appropriate for suction caissons and this gave reasonable agreement with their centrifuge test results. For the case of linearly increasing soil strength, this is equivalent to using the Fig. 12(a) . Load-displacement response of skirted foundations in normally consolidated soil Fig. 12(b) . Normalised load-displacement response of skirted foundations in normally consolidated soil Fig. 13(a) . Variation of total bearing capacity with kB W s uo : embedded foundation in normally consolidated soil Fig. 13(b) . Variation of total bearing capacity with embedment ratio: Embedded foundations in normally consolidated soil undrained shear strength at a depth of B W 4 below the skirt tips in design. This produces a modiˆed equivalent bearing capacity factor, Nc＝(1＋1 W 4kB W suo).(2＋p) and this curve is shown on Fig. 10 . This approach is very similar to that recommended by Skempton (1951) , who suggested that the average strength over a depth of 2 W 3B beneath the foundation was used unless the shear strength varied signiˆcantly (i.e., kB W suoÀ1.5). Skempton's (1951) recommendation involved using a depth B W 3 below the foundation for the equivalent shear strength and thus N c ＝(1＋1 W 3kB W s uo ).(2＋p) which is also shown on Fig. 10 . The use of aˆxed depth for the representative undrained shear strength with a constant Nc will give a linearly varying bearing capacity factor with kB W suo and so will only be able to encapsulate the bearing capacity values over a small range of kB W suo. However, the Skempton approach appears suitable for relatively uniform soil conditions (kB W suoº1.5) while the Byrne and Cassidy (2002) method appears suitable for 1ºkB W suoº3 (typical suction caisson conditions).
RESULTS: EMBEDDED FOUNDATION IN NORMALLY CONSOLIDATED SOIL
The case of skirted and embedded strip foundations embedded in heterogenous strength soil has received less attention. Bransby Investigation in this paper is restricted to the case with zero undrained shear strength at the soil surface (so＝0) and a uniform increasing strength with depth (viz. su＝kz) as typical of the soil conditions of a normally consolidated deposit. Figure 12(a) shows the load displacement results ofˆnite element analyses for skirted foundations for a range of embedment ratios where the applied load (V) is normalised by the undrained shear strength at one breadth below the soil surface (kB) multiplied by the footing breadth (B) and the displacement (v) of normalised by foundation breadth. The required displacement to mobilise failure and the capacity both increase with embedment ratio and peak loads are easy to identify. The results are re-plotted with more conventional load Fig. 14(a) . End bearing capacity factor with depth: normally consolidated soil Fig. 14 (Fig. 2) , the normalised peak capacities are plotted against strength non-uniformity kB W suo on Fig. 13(a) . For the normally consolidated case here (s o ＝0), then kB W s uo ＝1 W (D W B) and the results for the embedded case are also shown plotted against D W B in Fig. 13(b) . There appears to be small diŠerences between the bearing capacity of the diŠerent foundation types: the capacity of the embedded foundations appear to be consistently slightly higher than that of the skirted foundation geometry. The end bearing capacities are plotted in Fig. 14. Figures 15 and 16 show the calculated deformation mechanisms (and capacities) for foundations with D W B＝0.2 and 1 respectively. There appears to be negligible diŠerence in the deformation mechanism for the case with D W B＝1 for the three foundation types investigated (Fig. 16 ) and their capacities are almost equal. However, for the lowest aspect ratio suction caisson (D W B＝0.2) there appears to be soil deformation occurring within the soil between the skirts in Fig. 15(c) (and 15(d) ) explaining the 5z reduction in calculated foundation end bearing capacity.
Despite the subtle changes in mechanisms occurring between the foundations, the diŠerence in overall foundation capacity between the skirted foundation and the equivalent embedded foundation (i.e., a surface foundation with the same kB W s uo as the embedded one; Fig. 2 ) is less than 5z even for the case with D W B＝0.2. Hence, design calculations for vertical capacity assuming an equivalent embedded foundation may be suitably accurate. Figure 13 (a) shows that the embedded foundations have signiˆcantly more capacity than the equivalent surface ones with a larger disparity for the deeper foundations. This is due both to the increasing skirt area (increasing Vs) and the embedded geometry which may in‰uence the end-bearing factor, N c . Figure 14(a) shows that the end-bearing factor for the embedded foundation is consistently greater than for the surface foundation at the same kB W suo. The diŠerence increases for deeper foundations (with smaller kB W suo values) and reduces for shallower foundations (with greater kB W suo). This disagrees with the results of Tani and Craig (1995) who state that Vb is independent of embedment for strip footings.
The results from the upper bound plasticity analyses are also shown on Figs. 13 and 14. To calculate the endbearing factor from the total capacity calculated by the upper bound analyses, the skirt friction Vs must be subtracted (Eq. (2)). For the general case for soil with su＝so ＋kz: Qualitatively the results are as expected: the analyses give slightly higher end bearing capacities than theˆnite element analyses particularly for higher D W B. The optimum upper bound mechanism changes as the embedment ratio and soil non-uniformity both changes. Figure 17 shows the optimum upper bound soil deformation mechanisms found for the case of D W B＝0.2 ( Fig. 17(a) and (b)) and 1.0 (Fig. 17(c) and (d) ) for both the embedded and equivalent surface foundation. Note that the equivalent surface foundation (Fig. 2(b) ) corresponds to a foundation where the soil above the base level of the foundation is ignored in the analysis as suggested by Tani and Craig (1995) . There are diŠerent mechanisms due to the changing embedment ratio (compare Figs. 15(a) and (c)), and due to the changing soil non-uniformity (compare Figs. 15(b) and (d) ). The variation of bearing capacity factor with D W B or kB W suo shown in Fig. 14 re‰ects these mechanism changes.
The results using Byrne and Cassidy's (2002) recommendations, using the strength at a depth B W 4 beneath the foundation to allow for the strength variation, and Skempton's (1951) relationship to allow for embedment depth, are shown in Fig. 14 . The results show reasonable agreement with the other analyses except when D W Bº0.3. The choice of the depth over which to average the undrained shear strength will promote errors due to the changing mechanisms shown in Fig. 17 . The required equivalent depth to give agreement with the other analyses will reduce with embedment ratio as the soil nonuniformity increases. This explains why this approach gives an overestimate of Nc for large kB W suo and an underestimate for small non-uniformity ( Fig. 14(a) ).
In summary, the capacity of skirted foundations can be approximated assuming that the foundation is an equivalent embedded foundation. Thus, Eq. (2) can be used with the skirt friction term calculated by Eq. (11). The end bearing term requires a consideration of the (a) Cross-section of apparatus (b) soil strength profile from T-bar tests Fig. 18 . Apparatus for centrifuge model testing embedment and W or the non-uniformity (which are related for normally consolidated soil). The approach suggested by Byrne and Cassidy (2002) gives reasonable results if an appropriate soil strength is chosen. Alternatively, the results given here can be used either in the form shown (e.g., Fig. 14(b) ) or re-expressed in terms of a variation of depth correction factor, dc with D W B. The end-bearing capacity factor, N c ＝[(2＋p)＋1.646(kB W s uo ) 0.662 ] d c and a curveˆt to the calculated variation of dc with embedment ratio for the normally consolidated clay is given as:
EŠect of Skirt Roughness
The upper bound approach allowed a brief investigation of the eŠect of skirt roughness on the end bearing factor. The end bearing factor for a range of embedment ratios with a＝0, 0.5 and 1 are shown on Figs. 14(a) and (b). As for the embedded foundation in uniform soil, Nc is independent of the skirt roughness for low embedment ratios (D W Bº0.3 here). However, for greater embedment there is a small diŠerence in bearing capacity. For an embedment ratio, D W B＝1, Nc reduces by 6z for the fully smooth condition. Given that the diŠerence is reduced to only 1z for the a＝0.5 case for D W B＝1, this eŠect may be considered negligible for design purposes and the Nc values calculated assuming rough interfaces are appropriate.
CENTRIFUGE MODEL TESTS
Seven centrifuge model tests were carried out in two series of tests (denoted`A' and`B'). They were designed to provide a validation of the design approaches presented above. Skirted foundations of embedment ratios, D W B ＝0.2, 0.5 and 1 were installed by jacking and loaded vertically to failure in normally consolidated clay. A brief outline of the experimental methods and conditions is presented below before the results are given and compared to the design method suggested from the analytical work.
Experimental Apparatus and Procedure
A cross-section of the experimental apparatus is shown schematically in Fig. 18(a) . The soil was contained within a strongbox of 770 mm length, 500 mm breadth and 550 mm height. Both the front and the back faces are manufactured from Perspex allowing visualization though the sides. The box was divided with a vertical Perspex-lined partition which split the box into two identical containers of 235 mm thickness (each with one Perspex face). This box allowed twice the number of plane strain tests to be carried out on a single sample without disturbance between test sites. The foundations were of breadth 100 mm and length 234 mm (so as to give plane strain conditions) and had aluminium skirts of either 20 mm, 50 mm or 100 mm length and 2 mm thickness below an aluminium plate of thickness 6 mm. They were connected to a load cell which was itself connected to a linear vertical actuator ( Fig. 18(a) ). This allowed installation and loading of the foundation by displacement control whilst the load applied was measured with the load cell and the vertical displacement by two linearly variable diŠerential transformers (LVDT). The tests conditions for each loading event are given in Table 1 .
The soil consisted of a normally consolidated clay deposit overlying a sand drainage layer. Speswhite kaolin clay was used because of its relatively high permeability, extensive use in laboratory tests (e.g., Almeida et al., 1986; Stewart, 1991; Martin, 1994) and well known soil properties (e.g., Al-Tabaa, 1987; Stewart, 1991) .
The clay slurry at a moisture content of 120z (approximately twice the liquid limit) was placed carefully into the partitioned centrifuge strongbox on top of a 20 mm thick sand drainage layer to a depth of approximately 485 mm. Base and top drainage were set up to maintain a water table height above the soil surface at all stages of the test. The strongbox was then placed on the centrifuge gondola and accelerated to 100 g and left to consolidate for more than 24 hours until the degree of consolidation reached more than 90z. The foundation tests were carried out by displacing the foundation vertically from a position where the skirt tips did not touch the soil, in one movement until the foundation was fully installed and the fully plastic load capacity was exceeded. A typical displacement rate, v＝5 mmW min (model) ensured that the soil remained undrained (vB W c v §17) during this process and there was no stop after installation to allow any set-up time.
Soil Strength Proˆle
T-bar tests (Stewart and Randolph, 1994) were used to measure the undrained shear strength of the clay sample. The strength proˆle during each test was obtained from measurement of the resistance of the T-bar as it penetrated the clay sample in ‰ight (Fig. 18(b) ). Four T-bar tests were carried out. These were carried out at the beginning and end of each test series in locations remote from the foundation test sites. In test series A the T-bar was positioned below the soil surface at the start of the test and so the undrained shear strengths at the start of T-bar penetration should be discounted. The remainder of the results show an undrained shear strength proˆle that can be approximated with suo＝0 and k＝1.1 kPa W m (Fig. 18(b) ).
Test Results
The results of the installation and vertical bearing capacity tests are shown in Fig. 19 . Both loads and displacements are shown at prototype scale using conventional centrifuge scaling relationships (e.g., Schoˆeld, 1980 ). An installation stage with low vertical loads as only the skirts penetrate the soil is followed by the increasing capacity as the base of the raft comes into contact with the soil within the skirts and the foundation approaches its plastic bearing capacity. On reaching a plastic failure condition, further penetration of the foundation leads to plastic hardening as the foundation penetrates into stronger soil and increases its embedment ratio. Knowledge of the work hardening relationship is required for elasto-plastic combined loading foundation models (e.g., Tan, 1990; Martin, 1994) . If there is no signiˆcant work softening with increasing strain (e.g., as in the case of a normally consolidated clay) or signiˆcant soil surface heave, the bearing capacity approaches discussed previously may be able to characterize this plastic hardening curve as well as the initial bearing capacity.
During installation, the low loads result from the end bearing resistance of the skirt tips and the increasing skin friction acting on both sides of each skirt. For soil with su＝kz, the force per unit width,
where z is the penetration depth at the skirt tips, t is the skirt thickness, Nc is the`deep' end bearing capacity factor and a is the skirt adhesion factor. Good agreement between the calculated installation loads (Eq. (14)) and the measured experimental results is obtained by using Nc＝9 (as recommended by Houlsby and Byrne, 2005) and a＝0.5 in Eq. (14) . This suggests that adhesion factor, a＝0.5 during installation. Because no set up time was allowed in the centrifuge model tests before load capacity testing, this suggests that a＝0.5 should also be appropriate for calculation of the external skin friction during the foundation capacity events.
If the above information was not available, design practice (e.g., Anderson and Jostad, 2004 ) is to use a＝1 W St during installation, but a larger a value after set-up time because of consolidation and thixotropic issues. For kaolin, sensitivity, St＝2 to 2.5, again suggesting the use of a＝0.4 to 0.5 for the centrifuge bearing capacity test calculations.
Comparison between Centrifuge and Analytical Results
Design calculations were carried out toˆnd the predicted foundation capacity using the methods presented earlier and the results are presented in terms of variation of capacity with embedment depth on Fig. 19 . Calculations use Eq. (2) with the skirt friction found using Eq. (12) ] dc with dc deˆned as in Eq. (13) . The calculations use su＝1.1 z, assume fully undrained conditions and the foundation breadth, B＝10 m.
The results from the design calculations (plotted as a dotted line in Fig. 19 ) are in generally close agreement with the centrifuge data. For all foundation tests, the calculations underestimate slightly the foundation capacity, with the only signiˆcant under-prediction being for the foundation with the longest skirts (D W B＝1). The test result for D W B＝1 does not seem to follow the trend of the other model tests perhaps due to the soil's increasing undrained strength gradient with depth ( Fig. 18(b) ). This eŠect is not considered in the calculations and may explain why this foundation capacity is under-predicted.
The peak foundation capacity predicted using the design method, theˆnite element results and the upper bound analyses is compared to the centrifuge results for a range of embedment ratios in Fig. 20 . The foundation capacity from the centrifuge results was the load magnitude at the interception point of a linear plastic hardening line (post-peak) and a linear`elastic' loading just before plastic failure is achieved as shown on Fig. 19 . The triangular symbols show the measured centrifuge foundation capacities at the embedment ratio at which the foundation capacity was achieved (with good agreement), whereas the circular symbols show the capacities for the nominal embedment ratios (deˆned by the skirt lengths). Because the foundation is penetrating the soil signiˆcant-ly during mobilisation of bearing capacity, the plastic foundation`capacity' is larger than that would be achieved using an embedment depth equal to the skirt length. However, this larger capacity comes at the cost of a signiˆcant mobilisation distance that may exceed serviceability limits.
CONCLUSIONS
A series ofˆnite element and upper bound analyses have been carried out to investigate the vertical capacity of skirted foundations in normally consolidated clay. Analyses wereˆrst carried out for the simpler case of skirted and embedded foundation in uniform strength soil, and surface foundations on non-uniform soil deposits before the case of skirted and embedded foundations in normally consolidated soil. Finally, the results from the design methods deduced from the analyses were compared to the results of centrifuge model tests of skirted foundations in normally consolidated clay.
Firstly, the analyses showed that in most cases the vertical capacity of skirted foundations in undrained soil could be calculated as if the soil within the skirts was fully rigid (i.e., as an equivalent embedded foundation). However, both the embedded geometry and the soil strength variation eŠect must be considered in design.
Results showed that foundation capacity could be calculated by adding the end bearing resistance, Vb, calculated using the strength of soil at skirt tip level to the skirt friction resistance, V s , as suggested by previous researchers (e.g., Byrne and Cassidy, 2002; Houlsby and Byrne, 2005) . The skirt friction term is very dependent on the choice of roughness coe‹cient, a used and this term becomes more signiˆcant for foundations with longer skirts (such as suction anchors).
The end bearing resistance is conventionally calculated using Vb＝BNc suo, where suo is the undrained shear strength at the skirt tip level or foundation base (e.g., Tani and Craig, 1995) . The end bearing factor, Nc is dependent on both the embedment ratio of the foundation and the soil non-uniformity and these were investigated separately. Skempton's (1951) relationship for the variation of Nc or dc with D W B give good results for the case with uniform soil.
As found previously (e.g., Davis and Booker, 1973) a progressive increase in undrained shear strength with depth beneath surface foundations increases the foundation capacity (and the required Nc) signiˆcantly. Good agreement ofˆnite element and upper bound results with previous researchers suggested that this case is well understood.
For the case of both foundation embedment and soil non-uniformity (as in the case of a skirted foundation in normally consolidated soil), Skempton's method gives reasonable results if the undrained shear strength at a depth of B W 4 (Byrne and Cassidy, 2002) or B W 3 (Skempton, 1951) beneath the skirt tips is used. Alternative design methods were suggested based upon thê nite element and upper bound plasticity calculations. As part of this study, a brief investigation of the interaction between the end bearing capacity factors and the skirt roughness suggested that although variation of skirt roughness will aŠect the end bearing capacity factor, this is unlikely to be of signiˆcance in design for the typical range of skirt roughness.
Comparison of the results from the design methods developed using the numerical and analytical methods with results from centrifuge model tests revealed good agreement validating them. However, the bearing capacity approaches are conservative because of the work hardening occurring while capacity is being mobilized. Whether these increased capacities can be used in design depends on the serviceability criteria for the foundation.
